Objectives: Endovascular revascularisation is the mainstay of the treatment of lower extremity peripheral arterial disease. Improvement in perfusion after treatment is often quantified by a corresponding increment in ankle or toe brachial indices. These measurements are difficult to obtain in patients with foot wounds, and have to be performed at a separate time and setting after revascularisation. This preliminary study aimed to evaluate the use of parametric colour coding and analysis of time attenuation curves as a real time quantitative measure of perfusion after endovascular revascularisation. Methods: Forty-seven consecutive patients with critical limb ischaemia were retrospectively enrolled and analysed. Parametric colour coding and generation of time attenuation curves in the main pedal vessel was performed for pre-and post-intervention digital subtraction angiograms of each patient. The change in time attenuation curve parameters was compared with the change in ankle or toe brachial indices before and after intervention. Results: Comparing before and after lower extremity endovascular intervention, there were significant changes in the washout parameters derived from the time attenuation curve. The percentage of contrast decay 4 seconds after peak (I 4s ) demonstrated the strongest correlation (R ¼ .482) with the change in ankle or toe brachial indices. Conclusions: Parametric colour coding and time attenuation curve analysis might be a helpful tool that can provide real time intra-procedural quantitative data on pedal perfusion which can improve clinical outcomes.
INTRODUCTION
Lower extremity peripheral arterial disease (PAD) is responsible for more than 400 000 inpatient admissions annually in Europe and North America, and is estimated to affect up to 12% of the global population. In the more affluent and developed countries, risk factors for atherosclerosis such as diabetes mellitus, hyperlipidaemia, hypertension, and metabolic syndrome are rising, leading to a corresponding increase in the incidence of PAD. 1 Percutaneous endovascular intervention by angioplasty, or stenting, or a combination of both, is one of the main modalities of treatment to improve foot perfusion in patients with PAD. In current practice, measurements such as the ankle brachial index (ABI), absolute toe systolic pressure, toe brachial index (TBI), or transcutaneous oxygen pressure are used, which are recorded before and after surgery, to assess the severity of PAD, and to quantify the improvement in foot perfusion after lower extremity endovascular intervention. 2e4 Unfortunately, these measurements are often hampered by issues such as prior transmetatarsal or toe amputations, open wounds, or falsely elevated values secondary to medial calcific sclerosis. 5 In addition, these measurements have to be performed at a discrete separate setting after revascularisation, and, hence, cannot be used to provide a real time assessment of perfusion in the lower extremity. Often, the effectiveness of endovascular intervention and improvement in foot perfusion is assessed by interpreting the two dimensional image of contrast flow through a three dimensional vessel, which can be subjective. Parametric colour coding of digital subtraction angiography (DSA) acquisitions is a post-processing technique that has been used in the treatment and evaluation of cerebrovascular diseases and patients after liver transplant. 6e 12 The aim was to evaluate the feasibility of using parametric colour coding in DSA and numerical analysis of time attenuation curves (TACs) to objectively quantify and assess in real time the haemodynamic changes and improvements in foot perfusion after lower extremity endovascular intervention.
METHODS

Patient selection
Following approval by the local institutional review board, 47 consecutive patients with 47 lower extremity endovascular interventions from the period of January 2015 to August 2015 were retrospectively enrolled in the study from the angiographic database. All lower extremity endovascular interventions were performed for patients with PAD and chronic lower extremity critical limb ischaemia, as defined by the presence of rest pain, or with tissue loss. None of the patients were on intravenous vasodilators before or during the procedure.
Ankle brachial or toe brachial index measurement
All enrolled patients were investigated with a preintervention lower extremity arterial duplex scan and underwent pre-and post-intervention ABI or TBI measurements in the affected lower extremity using an automated device (Multilab Series II LHS, Unetixs Vascular, North Kingstown, RI, USA). ABI values were obtained first, and if determined to be falsely elevated secondary to medial calcific sclerosis, TBI values were recorded. The differences in pre-and post-endovascular intervention ABI or TBI values were then used for comparative analysis.
Digital subtraction angiography
DSAs were performed using a robotic flat panel, multi-axis, interventional angiographic system (Artis zeego, Siemens Healthcare, Forchheim, Germany) in a hybrid operating theatre. A 10 mL bolus of 50% diluted iohexol contrast medium (Omnipaque, GE Healthcare, Amersham, UK) was hand injected via an antegrade transfemoral 10 cm 5 F sheath for the DSA sequence. In all patients, access was obtained via the common femoral artery. No saline flushes were used during the DSA acquisition phase. Pre-and postendovascular intervention DSA images of the foot were acquired at four frames per second until all foot pedal vessels were fully opacified and subsequently washed out.
Parametric colour coding and time attenuation curve analysis
Parametric colour coding of pre-and post-intervention DSA acquisitions were performed using commercially available post-processing software (syngo iFlow, Siemens Healthcare) installed on the standard angiography workstation ( Fig. 1 ). Parametric colour coding assigns a particular colour to each pixel within the two dimensional DSA image, ranging from red to blue based on the time delay between contrast injection and maximum opacification, demonstrating the temporal evolution of contrast flow. Besides colour coding the DSA sequences, the post-processing software also allowed generation of a TAC for a specific region of interest (ROI) on the main run off pedal vessel to the foot, which is a graph comparing contrast intensification against time. The resulting TACs were then exported from the post-processing software for further numerical analysis in a research software prototype developed and provided by Siemens Healthcare. From numerical analysis of each TAC, parameters such as the time to peak (T max ), maximum contrast intensity (I max ), washin and washout gradients could be derived (Fig. 2 ). The T max of a ROI is defined as the time needed to reach maximum contrast intensification. The washin gradient represents the average contrast flow velocity before reaching maximum contrast intensity and is a function of maximum contrast intensity over the time to peak. In contrast, the washout gradient represents the average flow velocity from maximum contrast intensification to complete contrast washout and is a function of maximum contrast intensity over washout timing after the time to peak. The washout phase of the TAC was further quantified by deriving additional variables ( Fig. 3) , such as the percentage of contrast decay at various time intervals (i.e. 1, 2, and 3 sec) after peak (I 1s , I 2s , and I 3s ), or the time required for contrast intensity to decay to a certain percentage (i.e. 90%, 80%, and 70%) after peak intensity (T 90% , T 80% , T 70% ). The differences in the parameters derived from the washout phase before and after endovascular intervention were quantified and correlated with the change in ABI or TBI values.
Statistical analysis
Statistical analysis was performed using SPSS version 22.0 (IBM Corporation, New York, USA). The Wilcoxon signed rank test was used to compare washout phase parameters before and after endovascular intervention whereas the Pearson's correlation coefficient was used to quantify the linear correlation between changes in washout curve parameters against changes ABI or TBI. A confidence level of 95% was used and p < .05 was considered to be statistically significant. A Pearson's correlation coefficient of between 0 and 1 was considered a positive correlation.
RESULTS
The baseline demographics and characteristics of the patient population are shown in Table 1 . Most patients were of Chinese ethnicity with an average age of 66.2 years, and an equal gender distribution. A significant majority of the patients had pre-existing diabetes mellitus (89.4%) and chronic renal impairment (46.8%). More than half of the patients with chronic renal impairment had end stage renal disease requiring renal replacement therapy. Eighty-three per cent of patients were having lower extremity revascularisation due to the presence of tissue loss, whilst 17% of patients had severe rest pain.
Following lower extremity endovascular intervention, the mean ABI or TBI improved significantly from 0.33 AE 0.26 to 0.62 AE 0.28 (p < .001). Analysis of the washout phase parameters showed a significant reduction in time required for contrast to decay to a specified percentage after peak (T 90% , T 80% , T 70%, T 60% , and T 50% ). Correspondingly, the percentage of contrast decay at specified time intervals after peak (I 1s , I 2s , I 3s, I 4s , and I 5s ) was increased significantly. For example, the time required for contrast decay to 80% after peak (T 80% ) was reduced from 1.68 AE 0.9 sec to 0.51 AE 0.3 (p .001) following intervention, whereas the percentage of contrast decay 2 sec after peak (I 2s ) was increased from 31.09 AE 17.08% to 57.15 AE 20.65% (p < .001). The mean values of all pre-and post-intervention washout phase parameters are shown in Table 2 .
Changes in ABI or TBI before and after endovascular intervention were then correlated to corresponding changes in washout phase parameters. The percentage of Figure 2 . Time attenuation curves were generated from specific regions of interest on digital subtraction angiographic sequences which consisted of basic parameters such as the time to peak, maximum intensity, and comprising of the washin and washout phases. contrast decay 4 sec after peak (I 4s ) demonstrated the highest correlation coefficient (R ¼ .482) with improvement in ABI or TBI. The Pearson correlation coefficient for changes in all washout parameters when correlated to changes in ABI or TBI are shown in Table 3 .
DISCUSSION
Two dimensional DSA is currently the gold standard method used to evaluate the success of lower extremity endovascular intervention. However, despite DSA being an integral part of lower extremity revascularisation procedures, there are still limitations to its use. The assessment of flow or haemodynamic changes using DSA during lower extremity endovascular intervention is routinely conducted using simple visual interpretation or in an "eyeballing" fashion by the operator. As a result, the assessment of the success of revascularisation can be operator dependent and qualitative in nature. Several studies, although not conducted Figure 3 . Additional parameters were further derived from the washout segment of the time attenuation curve. For example, the percentage of contrast intensity after 3 sec after peak (I 3s ), as shown in the light blue lines, is derived as a percentage over the maximum intensity (I Max ), whereas, the time required for 50% contrast decay to occur (T 50% ), as shown in the black lines, is calculated from the time after time to peak (T Max ). exclusively for lower extremity DSA, have shown that simple visual interpretation of angiography is associated with significant intra-and inter-observer variability. 13, 14 Simple visual analysis of DSA images has been a widely adopted and established method of haemodynamic assessment since its advent, but the lack of quantitative and volumetric characterisation limits its accuracy in modern day vascular practise.
The implementation of parametric colour coding of DSA sequences before and after lower extremity endovascular intervention allows for a real time quantitative assessment of pedal vessel perfusion. This potentially negates the inaccuracies and subjectivity of simple visual interpretation. In this feasibility study, various parameters associated with the TAC were analysed and correlated with changes in TAC output to changes in ABI and TBI, with the aim of establishing a reliable marker within the TAC that can predict changes in pedal perfusion. Although there are limitations to the use of ABI or TBI, these indices were selected to be a compared with TAC parameters as they have been shown in studies to correspond well to pedal perfusion. 15 In this study, it was postulated that the washin phase was mainly determined by the volume and velocity of contrast injection, while vessel patency mainly influenced the washout phase which is why only analysis of the washout phase parameters were performed. Washout phase parameters showed a significant reduction in time required for contrast to decay to a specified percentage after peak (T 90% , T 80% , T 70%, T 60% , and T 50% ). Correspondingly, the percentage of contrast decay at specified time intervals after peak (I 1s , I 2s , I 3s, I 4s , and I 5s ) was increased significantly. After correlating the changes in washout parameters with changes in ABI and TBI, it was found that changes in I 4s correlated strongest with the changes in ABI or TBI measurements. As such, the change of I 4s values after lower extremity intervention could possibly be used as an intra-procedural marker for improvement in pedal perfusion.
At present, the only reliable means of obtaining quantitative data documenting the changes or improvements in pedal perfusion before and after endovascular lower extremity intervention can be achieved by performing before and after measurements such as ABI or transcutaneous oxygen pressure. These tests are conducted at a separate setting from the endovascular intervention and cannot provide any real time information to the operator during the procedure. Quantitative data derived from the TAC can be quickly and easily derived from DSA acquisitions to ascertain tissue perfusion, and hence, enabling the operator to evaluate therapeutic effects in real time, with the objective of improving revascularisation outcomes. Other methods such as indocyanine green angiography or tissue oxygen saturation mapping also allow for real time intra-procedural evaluation of pedal perfusion and flow, but these methods require an additional injection of intravenous drugs and proprietary image capture systems that are separate from the angiography equipment. 16e18 Parametric colour coding of DSA sequences and TAC analysis do not require any additional equipment and are simple to implement.
This clinical study is limited by its small sample size and retrospective nature. However it is meant only to be a feasibility assessment on the use of parametric colour coding and TAC analysis, which have been proven to be useful in the clinical setting. Further validation in a prospective setting and with a larger patient sample size is needed to address the value of parametric colour coding and TAC analysis in daily clinical practice. One of the major drawbacks of this study is the use of hand injection for contrast administration, which can lead to significant variation in initial contrast velocity on the TACs. As the variation in initial contrast velocity could not be controlled or corrected due to inconsistencies and non-standardisation associated with hand injection, the parameters related with the washin phase and time to peak values were not analysed. Instead, the washout phase of the TAC was quantified and analysed, which was less likely to be influenced by contrast injection and flow. Moreover, as the procedures were performed by a single surgeon, this variability is minimised. In future validation studies, an automated contrast injector will be used so that the velocity of contrast injection is uniform throughout all patients. Lastly, in this study, TBI was only performed for patients who had falsely elevated ABI values. Again, in future validation studies, TBI should be performed in all patients as a quantitative indicator of improvement in foot perfusion.
CONCLUSION
Parametric colour coding and TAC analysis using the Syngo iFlow software as a post-processing algorithm of DSA acquisitions in patients undergoing lower extremity endovascular intervention appears to be a helpful tool that can provide real time quantitative data on haemodynamic flow and pedal perfusion during the procedure which is not provided by traditional two dimensional DSA images. This can potentially help limit suboptimal results after lower extremity endovascular intervention and hence improve long term patient outcomes. 
